Pneumonia is the most common cause of death due to infectious diseases in industrialized countries (18) . Over 40% of all pneumonia cases are due to Streptococcus pneumoniae, the number of antibiotic-resistant strains is increasing, and mortality rates remain high (13) . There is a considerable lack of knowledge about the pathophysiological mechanisms in pneumococcus-host interactions (21) .
Pneumococci have an array of important virulence factors that contribute significantly to the disease process. These factors include encapsulation and hydrogen peroxide (H 2 O 2 ), as well as pneumolysin (7) . Recent studies demonstrated that pneumococci and pneumococcal cell wall preparations induced programmed cell death in monocytes (1) and neutrophil granulocytes (54) , but no previous studies have addressed apoptosis in lung epithelium.
Apoptosis has been identified as an important pathophysiological event in lung injury in general and in pneumonia in particular (5) . The genetically determined and closely regulated process of cell death was found in lung inflammation and involves leukocytes (31) , as well as respiratory epithelial cells (30) . The time course of apoptosis and the types of dying cells determine the outcome of a bacterial lung infection (27) . A plethora of different stimuli activate the proapoptotic machinery, which consists of caspases as the central executioners of programmed cell death. The regulatory protein caspase 8 is directly activated by death receptors, while caspase 9 activation follows mitochondrial stress (for reviews see references 12 and 22) . The two pathways merge by activation of the executioner molecule caspase 3 or 6. Different proapoptotic (e.g., Bax and Bid) and antiapoptotic (e.g., Bcl-2 and BclxL) mitochondrial proteins participate in the regulation of apoptosis (12) . However, there is limited knowledge about the role of apoptosis in S. pneumoniaeinduced pneumonia.
For some other important bacterial pathogens it has been shown that the organisms may either induce (41) or even block (36) epithelial apoptosis. For example, strong proapoptotic effects were seen in infections with Legionella pneumophila (37) . Pseudomonas aeruginosa-induced programmed cell death in lung epithelium was considered to be beneficial for clearance of the bacterial infection (19) . Interestingly, this process seems to be defective in cystic fibrosis patients (10) . On the other hand, the intracellular pathogen Chlamydia pneumoniae inhibits epithelial cell death induced by CD95 ligand to prolong the exploitation of host cells (15) .
In the study described here we demonstrated that S. pneumoniae induced apoptosis in human alveolar cells, as well as bronchial epithelial cells. Programmed cell death was executed by caspases 6, 8, and 9 and by different noncaspase proteases, but not by caspase 3. Moreover, expression of Bcl2-like proteins was decreased in infected cells, and overexpression of Bcl2 reduced pneumococcus-induced apoptosis.
(Part of this work will be included in the doctoral thesis of Ralph Gross.)
MATERIALS AND METHODS

Materials.
Dulbecco modified Eagle medium, fetal calf serum, a trypsin-EDTA solution, CA-650, and antibiotics were obtained from Life Technologies (Karlsruhe, Germany). Protease inhibitors, Triton X-100, 4-dichloroisocumarin, and Tween 20 were purchased from Sigma Chemical Co. (Munich, Germany). The pan-caspase inhibitor zVAD, the caspase 6 inhibitor zVEID, carbobenzoxyvalyl-phenylalanial (calpain inhibitor III), N␣-tosyl-Lys chloromethyl ketone (TLCK), and N␣-tosyl-Phe chloromethyl ketone (TPCK) were purchased from Calbiochem (Merck, Darmstadt, Germany), and tumor necrosis factor ␣ (TNF-␣) was purchased from R&D Systems (Wiesbaden, Germany). All other chemicals used were of analytical grade and were obtained from commercial sources.
Cell lines. Bronchial epithelial cell line BEAS-2B was a kindly gift from Curtis Harris, National Institutes of Health, Bethesda, Md. (16, 43) . Alveolar epithelial cell line A549 was purchased from the American Type Culture Collection, Rockville, Md. A549 cells stably transfected with pBcl-2/zeo (A549-Bcl2) were a kind gift from Tzipora Goldkorn, Center for Comparative Respiratory Biology and Medicine, Department of Internal Medicine, University of California, Davis (42) . A549-Bcl2 cells were grown in medium containing 100 l of zeocin per ml.
Pneumolysin. Recombinant pneumolysin was expressed in Escherichia coli and was purified from cell extracts as described elsewhere (47) . Protein homogeneity was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The stock protein preparation was essentially free (Ͻ2 pg/ml) of contaminating bacterial endotoxin. The stock protein concentration was 0.21 mg/ml, which corresponded to 1.3 ϫ 10 6 hemolytic units/ml (11) . The number of hemolytic units was determined by a hemolysis test with sheep erythrocytes. Briefly, erythrocytes were exposed to dilution series of purified pneumolysin, and hemolysis was determined; 1 hemolytic unit resulted in 50% hemolysis.
Bacterial strains. S. pneumoniae R6x is an unencapsulated derivative of serotype 2 strain D39 (52) . A pneumolysin-negative mutant of R6x (R6xply Ϫ ) was generated by insertion-duplication mutagenesis by using the pJDC9::ply construct (55) . After transformation of the plasmid into S. pneumoniae strain R6x, erythromycin-resistant transformants were selected with Luria-Bertani agar supplemented with erythromycin and 5% sheep blood. Insertion of the plasmid into the pneumolysin-encoding gene ply was confirmed by PCR analysis and DNA sequencing. Loss of function was analyzed by the hemolysis assay as described previously (6) . Single-colony isolates of R6x and the corresponding mutant R6xply
Ϫ were maintained at 37°C with 5% CO 2 on Columbia agar supplemented with 5% sheep blood at 37°C. For cell culture stimulation studies, single colonies were expanded by resuspension in Todd-Hewitt broth supplemented with 0.5% yeast extract and incubation at 37°C for 3 to 4 h to the mid-log phase (A 600 , 0.2 to 0.4), harvested by centrifugation, and resuspended in suitable cell culture medium that buffered pneumococcal lactic acid production.
Immunofluorescence. A total of 1 ϫ 10 5 cells grown on glass coverslips were stimulated as indicated above, washed twice, incubated in a humidified atmosphere, and stimulated again as indicated above. Briefly, cells were fixed in freshly prepared paraformaldehyde (3% paraformaldehyde in phosphate-buffered saline, pH 7.6), permeabilized, and washed, and DNA stand breaks were labeled by terminal deoxynucleotidyltransferase-mediated fluorescein-dUTP nick end labeling (TUNEL) and analyzed by using a Zeiss Pascal 5 confocal microscope. F-actin was visualized by marking with rhodamine-labeled phalloidin (1.4 g/ml), as described previously (23) .
Cell death detection ELISA. A commercially available photometric enzymelinked immunosorbent assay (ELISA) was used for detection of cytoplasmic histone-associated DNA fragments (mono-and oligonucleosomes) in apoptotic epithelial cells (Roche, Mannheim, Germany). A total of 5 ϫ 10 4 cells cultured in 96-well plates were washed twice, incubated in a humidified atmosphere, and stimulated as indicated above. Microtiter plates were then centrifuged, the medium was removed, the cells were lysed, and the plates were centrifuged again. Twenty microliters of supernatant was transferred into a streptavidin-precoated microtiter plate and incubated with an immunoreagent (anti-histone-biotin, anti-DNA peroxidase) for 2 h at room temperature. After washing, a substrate solution was added, and absorbance at 405 nm was determined (23) .
Caspase activity. A commercially available caspase activity assay (ApoTraget; Biosource, Camarillo, Calif.) based on colorimetric detection of the cleavage of para-nitroaniline-labeled substrates specific for caspases 3 (DEVD), 6 (VEID), 8 (IETD), and 9 (LEHD) was used for analysis of caspase activity according to the manufacturer's instructions. Briefly, A549 cells were grown in 10-cm dishes (5 ϫ 10 6 cells per dish), stimulated, collected, and lysed on ice. Cleared samples were aligned to determine protein contents, divided into four aliquots, and incubated at 37°C for 2 h in the presence of labeled caspase-specific colorimetric substrate conjugates for caspases 3, 6, 8, and 9. Detection was performed by measuring absorbance at 405 nm.
Western blotting. A549 cell monolayers grown in 10-cm dishes (5 ϫ 10 6 cells per dish) were stimulated as indicated above. Cells were then collected after trypsinization, washed, and lysed for 10 min on ice in 20 mM HEPES buffer (pH 7.4) containing 1% Triton X-100, 44 g of phenylmethylsulfonyl fluoride per ml, 2 g of leupeptin per ml, and 2 g of pepstatin per ml. Samples were resuspended in gel-loading buffer as described by Laemmli (28a) and boiled for 5 min. Sixty micrograms of protein per lane was separated on a sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis gel and blotted onto a Hybond-ECL membrane (Amersham, Dreiech, Germany). The membranes were blocked, washed, and hybridized with polyclonal antibodies raised against Bid and cleaved caspase 6 (Cell Signaling, Beverly, Mass.), cleaved caspase 3, full-length Bax, Bcl2 (Upstate Biotechnology, Lake Placid, N.Y.), ERK2, cleaved caspase 9 (Santa Cruz Biotechnology, Heidelberg, Germany), or cleaved caspase 8 (BD Biosciences Pharmingen, San Diego, Calif.). Detection was performed by visualization of IRDye 800-or Cy5.5-labeled secondary antibodies (Odyssey infrared imaging system; LI-COR Inc., Lincoln, Nebr.) (24) .
Release of LDH. A549 cell monolayers were exposed to stimuli as indicated above. Lactate dehydrogenase (LDH) activity in the supernatants was determined by colorimetric measurement of the reduction of sodium pyruvate in the presence of NADH (LDH assay; Roche), as described previously (23) . Maximum lysis was induced by adding 100 l of medium containing 0.1% Triton X-100. The level of specific lysis was calculated by using the following formula: percentage of specific LDH release ϭ ([experimental release Ϫ minimum release]/[maximal release Ϫ minimum release]) ϫ 100 (48) .
Statistical methods. Data are expressed below as means Ϯ standard errors of the means for at least three independent experiments. A one-way analysis of variance was used for the data shown in Fig. 1A (single time points), 2, 3B (single time points), 4A, 4C, 5, 6B, and 7 (single time points). Main effects were then compared by a Newman-Keuls posttest. A P value of Ͻ0.05 was considered significant (unless indicated otherwise, the test was performed by comparison with the results for unstimulated control cells for a time point).
RESULTS
S. pneumoniae induces apoptosis in human alveolar epithelial cells.
To study the effect of S. pneumoniae on lung epithelium, human alveolar epithelial A549 cells were infected by unencapsulated S. pneumoniae type 2 strain R6x. DNA fragmentation and microscopic morphology were assessed as measures of apoptotic cell death, while nonspecific necrosis was estimated by the release of LDH into the supernatant. After 16 h of pneumococcal infection, massive DNA fragmentation was observed in alveolar epithelial cells, as shown by nucleosome ELISA (Fig. 1A) and TUNEL staining (confocal laser scanning microscopy) (Fig. 1B) . The pneumococcal apoptosis signal was about one-half of the maximal signal obtained by simultaneous exposure of cells to TNF-␣ and cycloheximide. Cycloheximide blocked TNF-␣-related antiapoptotic gene expression, resulting in massive programmed cell death ( Fig.  2A) . We analyzed the specific numbers of cells by the nucleosome ELISA and the LDH assay and found that the data obtained correlated directly and linearly with the number of apoptotic or necrotic cells (data not shown). In unstimulated control cell preparations, about 2% of the cells showed DNA fragmentation, whereas after 16 h of infection with R6x pneumococci ca. 42% of the cells were apoptotic and there was TNF-␣-cycloheximide-induced programmed cell death in about 100% of the cells. In the time frame tested, the LDH activity in cell culture supernatants remained unchanged compared to that in unstimulated cells (data not shown). impact of important pneumococcal factors in more detail. R6x and the pneumolysin-deficient mutant R6xply Ϫ (both at a concentration of 10 5 CFU/ml) induced DNA fragmentation to the same extent after 16 h, and there was no increase in the LDH released in the time frame tested (Fig. 2) . In contrast, D39 did not activate epithelial apoptosis at even higher doses (10 8 CFU/ml), while high levels of LDH release, a sign of necrotic cell death, were observed.
To further analyze the role of pneumolysin, we exposed A549 cells to recombinant-expressed pneumolysin (47) . As shown in Fig. 3A and B, in alveolar epithelial cells exposed to pneumolysin DNA fragmentation occurred about 8 h after the onset of LDH release, an observation which suggested that there was rather nonspecific nucleosome formation secondary to pneumolysin-induced necrosis. These cytotoxic effects were observed only when very high concentrations of pneumolysin (1 to 20 g/ml) were used. Another important virulence factor of pneumococci which has been associated with apoptosis in neuronal cells is H 2 O 2 (7). However, A549 cells exposed to H 2 O 2 exhibited strong LDH release and a necrotic phenotype (data not shown) rather than programmed cell death (Fig. 3C) . R6x-induced DNA fragmentation in A549 cells was not reduced by preincubation with the antioxidant N-acetyl-cysteine (10 mM) (data not shown).
S. pneumoniae-induced epithelial apoptosis depends on caspase 6 and on different noncaspase proteases. Programmed cell death often is executed by complex hierarchic caspase cascades comprising regulatory caspases (caspases 8 and 9) and executing caspases (caspases 3 and 6). Therefore, we measured the specific activities of caspases 3, 6, 8, and 9 in pneumococcus-infected alveolar epithelial cells by a colorimetric assay. S. pneumoniae activated caspases 6, 8, and 9 in a dose-dependent manner (Fig. 4A) . Thus, a Western blot of pneumococcusexposed epithelial cells showed cleavage products of procaspases 6, 8, and 9 but not caspase 3 (Fig. 4B) . In contrast, in TNF-␣-cycloheximide-stimulated A549 cells strong cleavage of caspase 3 was noted (data not shown). However, in cells infected with 10 5 CFU of pneumococci per ml no cleavage products of caspases 6 and 9 were detected, possibly due to further degradation of caspases (50) .
Using a pan-caspase inhibitor (zVAD) and a specific caspase 6 inhibitor (zVEID), we verified the impact of caspase activation for pneumococcus-related apoptosis. Both inhibitors reduced DNA fragmentation significantly, yet some apoptosis remained despite an increase in the dose (Fig. 4C) . In recent studies, pneumococcus-induced cell death appeared to depend at least in part on noncaspase proteases (8) . We found that inhibition of calpain and trypsin-and chymotrypsin-like serine proteases by carbobenzoxy-valyl-phenylalanial (calpain inhibitor III), TLCK, and TPCK, respectively, reduced apoptosis to a great extent. When an inhibitor of caspases (zVAD) and calpain were added together, the reduction in apoptosis was greater, yet it was not complete (Fig. 5) . Thus, pneumococcusinduced epithelial apoptosis was dependent on caspase and noncaspase proteases.
Bcl2 blocks S. pneumoniae-induced apoptosis. Recent studies suggested that antiapoptotic Bcl2 proteins play an impor- (33) . Proapoptotic Bax has been found to be cleaved by calpain and to integrate in mitochondrial membranes to initiate programmed cell death (3), whereas proapoptotic Bid could be cleaved by caspase 8 and inhibit Bcl2 function (12) . To test pneumococcal influence on the equilibrium of these proteins, we analyzed the levels of Bcl2, Bax, and Bid in S. pneumoniae-infected alveolar epithelial cells by Western blotting. As shown in Fig. 6A , increasing the concentration of R6x decreased the levels of Bcl2, Bax, and Bid. Due to the important role of Bcl2 in apoptosis regulation, we used A549 cells overexpressing Bcl2 (A549-Bcl2). Comparing DNA fragmentation in R6x-exposed A549-Bcl2 and wild-type cells, we found that there was a strong reduction in pneumococcus-related apoptosis in A549-Bcl2 cells. In contrast, protection against cycloheximide-and TNF-␣-induced cell death was incomplete in these cells (Fig. 6B) .
S. pneumoniae induces apoptosis in human bronchial epithelial cells. We extended our observations to tracheobronchial epithelial cells by using the human bronchial epithelial cell line BEAS-2B. Bronchial cells were infected with R6x for different times, and apoptosis and LDH release were assessed. BEAS-2B cells displayed pneumococcus-induced DNA fragmentation kinetics which were comparable to those of alveolar cells (Fig. 7) . In addition, no increase in LDH activity in the supernatant was detected during the time studied (data not shown).
DISCUSSION
In the study described here S. pneumoniae induced apoptotic as well as necrotic cell death in human alveolar and bronchial epithelium. Unencapsulated pneumococcus strain R6x induced programmed cell death in a time-and dose-dependent manner, whereas encapsulated D39 and high concentrations of exogenously added recombinant pneumolysin or H 2 O 2 caused necrosis in alveolar epithelium. Pneumococcal infection activated regulatory caspases 8 and 9 and executive caspase 6, while caspase 3 activity was not significantly increased. Also, pan-caspase inhibitor or specific caspase 6 inhibition strongly reduced pneumococcus-induced programmed cell death. In addition, we found that apoptosis could also be reduced by blocking calpain and trypsin-and chymotrypsin-like proteases. Moreover, cleavage of Bid and Bax, as well as decreasing the level of Bcl2, contributed to an apoptotic phenotype. Overexpression of antiapoptotic Bcl2 significantly reduced pneumococcus-related apoptosis of human alveolar epithelial cells. The tracheobronchial and alveolar epithelium functions as an important barrier against invading pathogens. It represents the first line of innate immune response, and therefore studies of direct interactions of lung epithelium with pneumococci, the major pathogen of community-acquired pneumonia (13) , are warranted. Pneumococcus-induced host defense in the lung may cause severe inflammation, resulting in respiratory distress (4) . Recently, programmed cell death has been implicated as an important phenomenon in lung inflammation (14) . In particular, massive epithelial apoptosis may pave the way for further pneumococcal invasion and systemic host infection. Hakonsson et al. described a loss of viability and an increase in oligonuclosomes in pneumococcus-exposed lung epithelial cells (20) , implicating apoptotic or necrotic cell death. Therefore, we studied apoptosis and necrosis of lung epithelial cells exposed to S. pneumoniae in more detail.
We found different patterns of apoptotic and necrotic cell death in S. pneumoniae-exposed alveolar and bronchial epithelial cells. Unencapsulated strain R6x induced programmed epithelial cell death, whereas the encapsulated D39 strain caused massive LDH release in the absence of DNA fragmentation, indicating the predominance of necrosis. Similarly, in macrophages unencapsulated pneumococci are more potent inducers of apoptosis than encapsulated pneumococci (1), possibly because encapsulation masks or reduces liberation of apoptosisinducing factors. In a different model, Braun et al. found severe neuronal apoptosis in the hippocampus region induced by unencapsulated as well as encapsulated pneumococci (7, 8) .
Other important respiratory pathogens, like L. pneumophila and P. aeruginosa, have been identified as inducers of lung epithelial apoptosis (41, 51) . However, some other bacteria, like Chlamydia pneumoniae, had the opposite effect (40) .
Pneumococci express an array of different virulence factors (26) . Pneumococcus-induced epithelial apoptosis appeared to be independent of at least pneumolysin and H 2 O 2 because necrosis was observed several hours before DNA fragmentation could be detected, indicating that there was secondary DNA damage. Rather high concentrations of pneumolysin (1 to 20 g/ml) had to be used to see cytotoxic effects. For example, pneumococci (10 5 CFU/ml) produced about 20 ng of pneumolysin per ml in 12 h (49). This stresses the importance of synergism in the action of bacterial virulence factors. In accordance with these observations, Hirst et al. found membrane damage and loss of viability in pneumolysin-exposed A549 cells, as well as in human monocytes; apoptosis, however, was not addressed in this study (25) .
In experimental meningitis both pneumolysin and H 2 O 2 were found to cause neuronal and microglial apoptosis (7) . In other studies, however, pneumococcus-induced hippocampal apoptosis was not blocked by free radical scavengers (29) . These findings highlight the different contributions that these factors may make to the pathogenesis of pneumonia and meningitis. Therefore, cellular effects of pneumococcus infection (53) . In another study, hippocampal apoptosis in experimental pneumococcal meningitis could be blocked by caspase inhibition (9) . In contrast, pneumococcus-infected apoptotic neuronal cells did not show caspase activity, and cell death could not be blocked by caspase inhibitors (8) .
An interesting finding in our study was the activation of executing caspase 6 but not caspase 3. Caspase 6 has been found to play an essential role in apoptosis in lamin A cleavage in apoptotic condensation (46) and apoptosis of primary neuronal cells (45) . Caspase 6 was also activated in epithelial cells by P. aeruginosa (10) and Helicobacter pylori (39) , but the lack of caspase 3 activity seems to be unique in bacterial infection. There might be cross talk between executing caspases, because in some experimental systems caspase 6 activated caspase 3 (2). However, in two studies the workers described activation of caspase 6 without caspase 3 activity, which is similar to the findings obtained for pneumococcus-exposed epithelial cells in this study (32, 38) . As Kottke et al. have shown, caspase activity assays may sometimes underestimate some caspase activities, possibly due to enzyme sequestration (28) . However, in agreement with the data obtained with the caspase activity assay, we did not find cleavage of procaspase 3 in a Western blot analysis of pneumococcus-exposed epithelial cells, although TNF-␣-cycloheximide-induced caspase 3 activation and procaspase cleavage were found. Therefore, we concluded that there was pneumococcus-induced caspase 3-independent programmed cell death in A549 cells.
To evaluate the physiological impact of caspase activation in pneumococcus-induced epithelial apoptosis, we used specific enzyme inhibitors. Preexposure of human alveolar epithelial cells to the pancaspase inhibitor zVAD or the caspase 6 inhibitor zVEID strongly reduced pneumococcus-induced apoptosis but could not completely rescue alveolar epithelial cells. In this context, recent reports suggesting the existence of noncaspase proteases in apoptotic pathways are of interest (35, 44) . Therefore, we tested inhibitors of different possibly proapoptotic, non-caspase-like proteases. Epithelial apoptosis could be reduced by inhibition of calpain, tryspin-like, and chymotrypsinlike proteases. Accordingly, the observed decrease in Bax in S. pneumoniae-stimulated epithelial cells might be executed by calpain activation, as Bax cleavage was found to be the central event of calpain-induced mitochondrion-dependent apoptosis (3, 17) . Caspase-dependent epithelial apoptosis and calpaindependent epithelial apoptosis were also identified in Neisseria gonorrhoeae infections (34) . Overall, a complex apoptosis regulatory system to which bacteria, as well as host-cell-specific factors, contribute has to be considered.
Several reports have provided evidence of mitochondrial involvement in bacterium-induced apoptosis (8) . Therefore, we analyzed the levels of expression of apoptosis-modifying mitochondrial proteins and found that the levels of Bcl2 and Bax were reduced in pneumococcus-infected alveolar epithelial cells. Both of these proteins direct cells to apoptosis, because Bcl2 is well characterized as an antiapoptotic factor (12) and cleavage of Bax was recently identified as a central event in calpain-induced apoptosis (3, 17) . To verify the physiological relevance of these findings, we exposed Bcl2-overexpressing alveolar epithelial cells to S. pneumoniae. In these cells, programmed cell death was greatly reduced, suggesting that Bcl2 proteins play an important role in pneumococcus-dependent epithelial cell apoptosis. The incomplete blocking of apoptosis in TNF-␣-cycloheximide-stimulated cells may have been due to inhibition of protein translation of transfected Bcl2 by cycloheximide. Interestingly, mycobacteria persisting in human macrophages upregulate Bcl2 to prolong survival of their host cells (33) .
In summery, unencapsulated S. pneumoniae induced apoptosis of human alveolar and bronchial epithelial cells, whereas exposure to the pneumococcal virulence factors pneumolysin and H 2 O 2 led to necrotic cell death. Pneumococcus-induced epithelial cell apoptosis was dependent on caspases 6, 8, and 9, as well as noncaspase proteases, and was accompanied by reduced levels of Bcl2-like proteins. Overexpression of Bcl2 desensitized human alveolar epithelia against S. pneumoniae-induced apoptosis. Therefore, these studies indicate that pneumococcus-related apoptosis of pulmonary epithelium has an important role in pneumococcal pneumonia.
